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1. FOREWORD 

Work conducted under this grant pursued two long  range objectives, 

namely: 

1. To investigate aerodynamic phenomena affecting the launch 

phase of in-tube launched rockets, and 

2. To achieve direct compatability between in-house computer 

oriented (M1C0M) efforts and the research conducted at the 

University of Illinois. This was to be achieved by acquisition 

of an HP 9830 system to be located in the Gas Dynamics Laboratory 

of the University of Illinois. 

An immediate goal consisted of generating a comprehensive, yet well 

manageable analysis (including computer program development and typical 

performance documentation) of the launch and flight performance of a 

rocket with specified motor design and grain configuration. 

Dr. H. H. Korst, Professor of Mechanical Engineering, acted as 

Project Director; Dr. R. A. White, Professor of Mechanical Engineering, 

supported by Mr. Dean H. Keal, was in charge of the facility development 

in the Mechanical Engineering Laboratory in preparation of the experimental 

effort which is to continue. 
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Table 1   Parameters Affecting Internal Ballistic Perfornance 

Y Specific heat ratioi (-) 

N Molecular weight, lb /iT;ole 

T „ Flame temperature,  0R 
oi 

3 
v Co-volumo,  ft  /lb c ■ 

3 
v Specific volume,  ft  /lb s ' ■ 
B Burning coefficient,  Eq.   (17) 

n Burning exponent,  (-),  Kq.   (17) 
Rl,  R<j),  Zi>,  Ztj),  I4i  grain dimensions,  ft, 
see Fig.   2 

W Initial weight of round 
o 

3 
L Loading ratio,  lb /ft 

3 
V Chamber volume,  ft 
c 

2 
A*       Nozzle throat area, ft 

2 
A        Nozzle exit area, ft 

2 
p        Reference (atm) pressure, Ib^/ft 
o,o t 

IT        Burst pressure ratio, (-) 
B 

a        Effective linear opening coefficient, (-) 

11 
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4. PERFORMANCE ANALYSIS Of A DOGLEG-GRAIN, TUBE 
LAUUCHLD ROCKET AHD AUXILIARY DfTORTS 

During the launch phar;e, as grain burning ia initiated, the pro- 

pulsive nozzle renains initially closed to pronote faster pressure 

buildup. Subsequently, the closure fails, starling at a prescribed burst 

pressure and allowing (critical) outflow through a (linearly) time variable 

effective throat.  Neglecting fast transients, quasi-steady outflow con- 

ditions (together with the burning law and time varying grain surface) will 

determine the pressure and temperature history in the combustion chamber in 

which the gaseous phase of the propellant is assumed to be of uniform (stag- 

nation) state.  For fully establishoc nozzle flow conditions (the initial 

shock system being expelled quicly), it is then possible to determine pro- 

pulsive thrust, rocket acceleration velocity, and position as functions of 

time. Parameters considered for the present analysis are li~ted in Table 1. 

To investigate rocket-launcher interaction, it is then also of importance 

to investigate the effects of plume-wall interactions and the flow of pro- 

pellant gases in the launch tube. 

While analytical work on the propulsive rocket motion has been com- 

pleted, certain experimental phases of rocket-gas interactions within the 

launch tube are still in progress and will be reported on at the conclusion 

of a follow-up effort under ARO-sponsorship. 

4.1 CONTROL VOLUME ANALYSIS OF ROCKET MOTOR PERFORMANCF 

Boundaries of the control volume are selected to include the entire 

missile including the propulsive nozzle (Fig. la); however, analysis of 

the chamber Tressure as based on the conservation of mass utilizes the 

somewhat smaller volume terminaled by the nozzle throat (Fig. lb). These, 

together with the assumption of a uniform state in the combustion chamber. 

12 



appear to tM aUoMabli ■iBqplificationa fll.';: 

U.l.l    Conyorvation of  Kass 

With ■    and m    donotinr. the inasa of solid and gasouur; phase:. s g ^ 

of propellant  in the chainbo-p havinf, tlie v-luinc V  , one introduces the 

specific voluraos to express 

mv+niv=V (I) 
g   g s    s c 

and, by differentiation with respect  Lo time, as dv^/dt  ■  0, 

dm dv dm 
v    XT- + m    TT- + v    -TT^  0 (2) s dt g dt g dt 

where m    ■ (V    -v    m)/v    and 
g e        s    s      g 

R T 
v = v + —a (3) 

g        c        po 

(Clausius-type gas). 

With T    ■ F _ and v    =  constant o        of c 

dv     R T ^ dp 

dt ?    dt y ' 
Po 

The original ir.ass of solid propellant at t = 0, m  , is used to 

form the dimensionlcss ratio 

m 
H » J_ (5) ■ 

so 

and accounting for the outflow of gas from the control volume through 

the nozzle throat under choking conditions 

dm     V;'; A;- dm 
_£ . -  j g.  • (6) dt     -^f  dt 

Tor convenience,  we now introduce  an "ideal" acoustic reference velocity 

'•''Numbors in brackets refer to entries in  REFERENCES. 

13 



oR Y R 8      1 r ' C       01 
(7) 

and a characteristic tine 

to r  AN CoR 
(8) 

to define additional dimcnsionlesE vai'iablcs. 

t (9) 

0,0 

(30) 

KN      C 
oR 

(11) 

and parameters 

R T 
oF 

1      p        v 
(12) 

'2      r      v     L v 
so    s s 

(13) 

Thus, the conservation of mass  expressed by  E^.   (2)  attains  the fonn 

d£ 
dT 

v        ci 

V TI 
s 

v C, 
-2 »-i 
v Tt 

V^(T)- 

55 Äi1!       ' v 

C2-\      Id. 

N     N      J 
C.     1  „2  QT 

e      1      Ti 
V TT 

S 

(111) 

For noz.-.le flow under choked   conditions, by  cumbining Eq.   (3) with 

Bernoulli and energy equation,   we obtain A£J(T) 

14 



v.  A;'H i)      /-: ( i ^\ 
1! 

0 

'i:'-iiAii     lAi;   ;■■'<:.       S 
(15) 

.■A  l/(Y-l) 

where 

ii - Ji - 1 
i + 

vs ci Vor) 

i/Cr-D-,       N-j 
+1 (16) 

Attention is  now ßiven 1o  the opening (failure)  characteristics of the 

closure.    The nozzle  is originally  closed by a diaphracm which leads to 

a delay in the outflow through the  nozzle,  also promoting the initial 

prcsp'ire buildup in the coml.iustion  chamber.     The effect  of burst pressure 

and opening coefficients on  recoilless gun  operation has  been discussed 

in greater detail  [1'J where  also experimental    evidence  is presented.     We 

are i^et^ining here  this analytical   concept by introducing  a burst pressure 

ratio TT   at whicr. the closure begins to fail at the time  T    in such a way 

that   it opens the throat area linearly with time  at a rate determined by 

the opening coefficient, A   . 

A*(T)       0 for  1  < T 
1 > -T ■ A" N A3  (T   - T  )  for T  >  T 

Full opening is attained at   time T    whore 

A*(-t) 

after which time AA(T)/AS I   1.     It   is of interest  to note  that the failure N N 

characteristics of the closure exert some influence on the initial phasen 

of the rocket launch especially on the peuk chamber pressure, but seem to 

attenuate rather quickly after full  nozzle  aperture has been attained. 

IS 

■MM 



11.1.2    i ro ■' '  .. 

Dtpr     ill    tl     bur  L]      rat     In coi Lona]   fora by 

p ■-  B pn(J I (17) 

accouTititii; for tlio  tcü.pc .■..'.iirv d( ,   tiiien   ;   In i   and the prcssui-c. de- 

pendency by  the cxpontnt n, wo c  n det( n Lne th« rate of propellant gac 

generation from 

dm 
s  _  r S(tj 

dt        »12 s 
(IB) 

where S(t)  is the  time dependent   burning  burface of the giain,   so that  in 

dimensionloas form 

S r  t 
d^ . ^s d_ ch   , 
di   ' dt     dm    dt       v    ■       12 

s •    so 
(19) 

For the initial grain configuration  given in 1'ig.   ?, a solely time 

dependent burning rate (note that   the pronsurc p is assui.iod to be uniform 

over  the ertire surface  S), will   produce  changes  in the grain   geometry  so 

that 

R(-c) ^ R    + 
o ^ 

r dt 

E(T) ■ E    + 
o V r dt (20) 

Z(T) = zo4/ r dt 

The  bufiiin^  surface P(T)   can now  be expressed as follows 

IG 



2 ? 7 
(j )    For Z   + '.'.'   < Rl t on iLns 

S ■ kL{R(90  - 6) U/J80 + E ♦ Z -       i       Ö]       (21. 

lAiara 0 ■ «in"1 (Z/R). 

(ii) 
S ■ «L R(00 - 6) TT/ISO + SR, /]  -  (E/Rl)    ♦ R ./■ 

.2 

where 6 = 1  for E <  Rl 

■ 0 for E > Rl 

Also,   fcr the grain  configurations,   Tig.   2, 

(Z/V-l 

(21.2) 

(21.3) 

■       v     =   L R, 
so    s 

where  0    = sin      (Z /R ) 
o oo 

'tNflt-^ ;in 26    - HR    E    sin  0 
o o    o o 

(22) 

U.1.3    Chamber Pressure-Time  History 

Noting that 

r t         B p      "  *" V 
 o o,o e 
12 12 AJ; C I 

N    oR 
(23) 

It is possible to calculate the pressure-time history in the combustion 

chamber by integrating Eq. (14) together with Eq. (19) once the grain 

geometry (Eqs. (21) and (22)) and the burning law (Eq. (23)) are specified. 

4.2  ROCKET DYNAMICS AND KINEMATICS 

4.2.1  Initial Rhase 

Considering the rocket motion horn as resulting from norzle 

thrust and the gravitational acceleration only and usir.g a Cartesian 

system of coordinates aligned with the launch tube axis (see Fig. 3^  which 

»''A summary of parameters introduced into the present analysis is given in Table 

17 — J 



is incline.' to the horizontal by tl  ;. ,i ■■ ■ on 

dV 

dt cc     le 

and 

dV 
V JL , .VJ £_ CÜG a (25) 

In reEtrictin,-; ourselves to thoue expressions, we have, for the tijne b. '■., . 

neglected all aerodynamic forces acting on the rocket.  We note, li.-wijver, 

that the lateral motion of the rocket which begins after th« rocket has 

already moved the distance x at time t, in the tube, may well give ri^e 

to unbalanced aerodynamic interference forces which can lead to pitching 

during launch. 

For the initial phases of the lateral motion, we may neglect changes 

of the rocket mass N and, using an average thrust T, integrate Lq. (25) 

twice to yield, as y = 0 and V = 0 at x = x., t = t.. 
y 1 i. 

cos a x, 
(26) HH 

vnr -Sln a 

The time t,  where the distance x    has been negotiated is  found from the 

integration of Eq.   (24) for which V    =  0 at t =  0 and 

TH  a  - si" ■ 2\ w g J 

so vha; 

2x 
t     = . 1  (28) 

■ g SJH a 

18 
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..;:.. ■ . .   '      e Tl ind M 

. '  traji    ■;,   ' i  to be followed, it Mill he MCMsary 

to in trod Lc lift and drag i rc«a ancl to consider al^o the time 

VwJ .: ton thi :  ,     .     Accoantinr for the latter two only, 

one J < J-,
1
 ,■;■ ,    tl     I      .;  s oi  pressure  ehaaber and propellant mass ratio 

histories a   they n mit from Section 4.1. 

VJlillo Fig, u illustrate:  the  Influence of closure failure on the early 

chamber pressure historyt Mg, 5 showe that the effect on launch velocity 

is indeed v^ry saell. 

The full  dMnbcr pressure history, as calculated by the present program 

(for llWt«nteneous  clo'.uro failure),   is compared to available ARROW data in 

Fiß.   |. 

Accounting for  the variable rocket mass by 

W = W 1 (1 - M) (29) 

and determining the  thrust  force on the basis of the control volume  shown 

in Fig.   la,  the timo-dependent  thrust  force   Is given  (in  lb   ) by  ; f 

T = p        A-; in4 o,o    N 

1  - 
T* 

7y 
or, 

1/U-Y) 
c 1    + 1    T" 

v    C,      n    T „ si of 

•« ■m 
Y/(Y-1) 

(30) 

Again, the thru::t force calculated with the present program is compared 

with data provided for the ARROW rocket (see Fig. 7).  The temperature 

ratio T /T _ is found after solving Eta. (IG) for T»'!/T „ by itjr.ition, from e of o  T .  ol 

11 
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IT 
U 

( 
A ! . T  / ■ ) , V 

■ i a c 
- ■■ rol ,) 

Ai; ci 
V s 

(1-Y) 

(31) 

which '        Iteration. 

it.a   coHPtn   ; PROG J DEVI    MENT 

A'; already pointed out In Section 1,  the broader objectives of this 

grunt  called  tor computer pro-am compatibility between  NICOM and the 

supporting effect! ai   the Univcr. ity of  Illinois.     Consequently,  after 

acquisition of the HP 9830 system, a considerable number of computer 

programr, haw been generated which are now operational at both locations. 

Sjme representative examples are cited  in the following 

4.3.1     Internal Ballistics Program 

U . 3.1.1    Bomb, Gun,   wd Rgcollleita Gun Performjiico Analysis 

(Documented earlier tl].) 

4.3.1.2    Adaptation? of such  Programs to Deal  with Gun-Launched 
Rockets [y] 

4.3.2    Plume and Slipstream Boundary Analysis based on the Method 
of  Successive Centered  Expansions [3,4] 

4.3.3    Base Pressure Analysis for Unpowered  Flight  of Rockets and 
Projectiles [S,6] 

4.3.4    Viscous Jet  Mixing and Boundary  Layer Programs in Support  of 
Drag Evaln itions  for Missiles [7] 

4.3.5    Block Interaction Programs  Applicable to Muzzle Break  Blast- 
wave Propagation and Reflections [l] 

U.S.I    Comprehensive Prcjram for the DOGBOME Grain   (ARROW)  Rocket 
Performance (based on the analysis of this report) 

20 
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'■. ■     ■ nrou 

A prii tl     , pograii   for th« HP 9830 conputer 

is give .  '     ' X A. 

»».3.6.2   Us  r'i [nstructiona 

Urcr's  instructions am givm in APPENDIX B with all 

input quantitiei   defined (a.l."-o, see Table i). 

4.3. 6. 3    I'iw.rain Output   ("PKIHT AIL" Kode) 

Program output in the "PKI!JT ALL" node of the com- 

uter ii given in APPENDIX C for Eelscted input data as listed.  It must 

be noted th it the DOGLCG GRAZN georaotry (P.I, K^, 1'4,  Z$) and nozzle area 

ratio A /AS ■ A!> are not entered from the keyboard but are READ by the 

program from tin DATA line 120.  Changes in these parameters have thus to 

bi  made (if so desired) by "FETCH 120, EXiXUTE" and by altering the values 

in this line (conveniently done by using the editing features of the 

HP 9830). 

U.4.1 Pacility Development 

The blow-down wind tunnel facility and auxiliary air supplies 

of the Mechanical Engineering Laboratory, Department of Mechanical and 

Industrial Engineering, University of Illinois at Urbana-Champaign, have 

been modified to allow modeling of the tube launch system under quasi- 

steady operating conditions.  The pressure distribution within the launch 

tube due to plume-tube wall interactions and vehicle eccentricity is the 

primary objective. 

21 



i4.i4.lJ     ^'_ Ly Hodifii   H 

To pr  /He for representative nodellngi it waa neci 

. ,■ i chi     xli ting auxiliary air supply systen to accept the 

high r prei ne( led for sinulating the rocket jet pJuine.    This has 

becij accomplishod by the installation of new liigh pressure storage  (^proxi- 

nately 450 J t   , uxinuia (forking pressure 1800 psig) and high pressure piping 

in eonplianci   with OSHA regulations!    A two-stage compressor allowing pump- 

ing of the systea to either 250 psig or 500 psig levels  is currently being 

utili^eJ. 

14. 'i. 1. ?    Hode 1  Constru r ted 

A one-half scale geoaetricaUy similar model has been 

constructed of botli the afterbody and the  launch tube system.     The model con- 

sists  of an interchangeable  nozzle section  installed in the end of a section 

of schedule 00 high pressure pipe with nominal outside diameter of 1.90 

inches.     The launch tube is  simulated by two lengths of thin wall brass tub- 

ing with nominal inside diameters of 2.0 and 2.25 inches. 

4.4.2    Preliminary Experiments  Conducted 

A series of calibration checks with the nozzle configuration 

selected were carried out to determine the performance characteristics of 

the modified high pressure system and its control valve.     The results of 

the preliminary tests  indicated that  maximum stagnation pressures of only 

180 psig are presently reached with  tank pressures of approximately 450 psig. 

This  is below the level desired for proper plume simulation within the 

launch tube.     It appears that  the flow level  capability of the control 

valve is too close to the nozzle mass flow Pequivsd or that a sonic throat 

MM 



is occurring within the pip  >■  i restrictin i a ' abli 

the nozslr. Additional tests sre being ; lann< di  rtriin« and sub- 

sequently iaprove the ranp.c of synicm performance« A reduction Ln nodi 

scale to approxinately 0.^5 nny  be required. 

. 
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/.. . ENDIX B 

User's Instructiona tor "DOGLEG GRAIN ROCKET" Prog 

ARROW-BALL] STIC PROGRAM 

HP 9830 (no RONS M«d«d) b90/l<l28 "DOGBOm, 6RAII) ROCXET" load 

Input   (aekod for by proßi'a;:;) Synljcl 

1.     Gamma  (propelLnnt),   1 K 

i.     '"olccuJar Might pr'Opollant,  1 M 

3.     I'l.in.e tornpciMturo, propcllant,  0K T(J 

3 
U.     Co-volu:;,e, propcÜMt ßas,  ft  /lb VI 

3 
5. Cornbu^i-ion chanbci', volume,  ft V 

6. Speci.fic VollUWi  Pol id propellant, 

ft3/lb V2 ■ 
3 

7. Load ratio, lb /ft L ■ 
8. Initial MM! HUG J Lie and 

propellant,  lb M0 

(location 120 generates  (can bo 
altered)    Data Rl,  HI,  1^,  74),  AS  = 
Ae/ANft and L0 related to the DCGBONE 
geometry and noz?.le configuration as 
shown in Tigs,   la,  lb,  and  ?) 

9. Burning coefficient,  in./sec B 

10. Burning law, exponent,  1 N 

11. Burst pressure ratio, 1 B2 

9 
12. Area ndzzle (throat A-), ft Al 

13. Reference pressure P0, psia P0 

14. Opening coefficient (burst plate), 1    A3 

15. Time increment (üt), 1 T 

28 



'.    "': , . ..     T s 0,5 for accuracy and nuox rlcal ;:i <-. ' i ; i ■ . 

.. : .'     ,.:     ;   :...   fully opened (after fast  translenti 

.■■.'• ... ..■;., i    sn recoi'ded) skips Intemedlate PRMTOUTS 

(retail U    ,;'', gives     ; . foi  only every tontii tine tiirniiit     This Mill 

gener        ■■■■■      I o   d       »very 300 aecooda (qiproxinate rea] computc-i^ tian)^ 

frogpai      . to] .   '".    i coi bustion d.amb'rr pressuru reaches V0. 
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